Abstract: Dietary guidelines universally advise adherence to plant-based diets. Plant-based foods confer considerable health benefits, partly attributable to their abundant micronutrient (e.g., polyphenol) content. Interest in polyphenols is largely focused on the contribution of their antioxidant activity to the prevention of various disorders, including cardiovascular disease and cancer. Polyphenols are classified into groups, such as stilbenes, flavonoids, phenolic acids, lignans and others. Lignans, which possess a steroid-like chemical structure and are defined as phytoestrogens, are of particular interest to researchers. Traditionally, health benefits attributed to lignans have included a lowered risk of heart disease, menopausal symptoms, osteoporosis and breast cancer. However, the intake of naturally lignan-rich foods varies with the type of diet. Consequently, based on the latest humans' findings and gathered information on lignan-rich foods collected from Phenol Explorer database this review focuses on the potential health benefits attributable to the consumption of different diets containing naturally lignan-rich foods. Current evidence highlight the bioactive properties of lignans as human health-promoting molecules. Thus, dietary intake of lignan-rich foods could be a useful way to bolster the prevention of chronic illness, such as certain types of cancers and cardiovascular disease.
Introduction
Polyphenol-rich diets are suggested to possess health benefits. Polyphenols are micronutrients found in plants, and include flavonoids, stilbenes, phenolic acids, lignans and others [1] . They are secondary plant metabolites implicated in protection against pathogens and ultraviolet radiation [2] . Given their diverse chemical structures, different polyphenol classes likely possess differing health benefits [3] . It is therefore important to elucidate the specific potential benefits of each polyphenolic compound. Significant interest has been elicited by lignans, due to their steroid-analogous chemical structure. Accordingly, they are considered to be phytoestrogens. Lignans are bioactive compounds exhibiting various biological properties, including anti-inflammatory, antioxidant and antitumor Of the eight lignan subclasses, synthesis of furofurans-which exhibit a 2,6-diaryl-3,7-dioxabicyclooctane skeleton-is initiated by the enantioselective dimerization of two coniferyl alcohol units derived from the shikimate biosynthetic pathway (Figure 2 ) [14] . To date, 53 species of furofuran lignans have been reported in 41 genera of 27 plant families, including Thymelaeaceae, Styracaceae, Scrophulariaceae, Saururaceae, Rutaceae, Rhizophoraceae, Piperaceae, Pedaliaceae, Orobanchaceae, Myristicaceae, Magnoliaceae, Lauraceae, Lamiaceae, Geraniaceae, Dioscoreaceae, Cyperaceae, Cupressaceae, Compositae, Combretaceae, Cactaceae, Aristolochiaceae, Arecaceae, Araliaceae, Aquifoliaceae, Apocynaceae, Acoraceae and Acanthaceae. Furofuran lignans are present in the bark, bulbs, leaves, seeds, stems and roots of these plants [14] .
However, depending on the enzyme that catalyzes modification of the precursor metabolite, a variety of lignans can be synthesized ( Figure 2 ). The major lignans-which possess numerous pharmacological properties-are artigenin, enterodiol, enterolactone, sesamin, syringaresinol, medioresinol, (−)-matairesinol, (−)-secoisolariciresinol, (+)-lariciresinol and (+)-pinoresinol, among others [15] . Currently, there is a growing interest in the presence of lignans in foodstuffs, given the potentially beneficial bioactive properties of the former (anti-estrogenic, antioxidant and anti-carcinogenic activities) [16] . The chief sources of dietary lignans are various vegetables and fruits, legumes, whole grain cereals and oilseeds [16, 17] . Among edible plant components, the most concentrated lignan sources are sesame and flax seeds (Tables 1 and 2 ) [6] . Specifically, flax seeds contain approximately 294.21 mg/100 g lignan, at present the maximal known content of any foodstuff. Sesame seeds exhibit the second-highest lignan concentration, with sesaminol as the major constituent, at 538.08 mg/100 g [6] . Flaxseed and cashew nuts are also relatively rich in lignans (containing 257.6 and 56.33 mg/100 g, respectively) [6] . Table 1 . Lignan content of sesame seed (mg/100g food). Data collected from phenol explorer [18] . Regarding cereal grains (Table 3) , lignans are largely concentrated in their outer layers [19, 20] . In cereal grains, the highest lignan concentration is found in the fiber-rich outer layers (seed coat and pericarp), as well as the aleurone layer, whereas the lowest concentration is found in the inner endosperm [21, 22] . Ordering species by lignan content produces the following list: Dhurra < brown rice < red rice < quinoa < millet < corn < amaranth < barley < buckwheat < wild rice < Japanese rice < spelt < oat < triticale < wheat < rye [6] . Regarding vegetables (Table 4) , the brassica family may contain between 185 and 2.321 mg /100 g of lignan, mainly pinoresinol. Peppers, French beans, carrots and courgettes also exhibit a relatively high lignan content, ranging from 0.113 to 0.273 mg/100 g. Other foods, such as spinach, white potatoes and mushrooms-contain below 0.1 mg/100 g of lignan. Fruits exhibit a lower lignan content than seeds or vegetables (Tables 5 and 6 ), ranging from 11.57 mg/100 g for apricots to 0 mg/100 g for banana, with green grapes and kiwi fruit falling somewhere between these extremes [6] . The highest lignan content is observed in non-alcoholic beverages, such as tea (0.0392-0.0771 mg/100 g), which also contains other polyphenols (Table 7) . Coffee is another important source of lignans, although concentration varies by type of coffee, ranging from 0.0187 to 0.0313 mg/100 g. Regarding alcoholic beverages, red wine contains an average of 0.080 mg/100 mL, whereas white wine contains only approximately 0.022 mg/100 g [23] . Table 7 . Lignan content of beverages (mg/100g drink and mg/100 mL wine) [18] . Furthermore, the chief source of dietary fat in Mediterranean countries-extra virgin olive oil (EVOO)-has garnered much interest regarding its beneficial properties, largely attributable to its polyphenol profile (Table 8) . Lignans are the second most abundant polyphenolic class present in EVOO; of these, the most abundant across different EVOO types are pinoresinol (1.17-4.12 mg/ 100 g) and 1-acetoxypinoresinol (0.27-6.69 mg/ 100 g) [7, 24, 25] . Thus, given the presence of lignan in many common foodstuffs and beverages, its intake occurs frequently, on a near-daily basis. For example, in a Dutch population, the major dietary sources of lignan were fruits (7%), bread (9%), seeds and nuts (14%), vegetables (24%), and beverages (37%) [6] . Similarly, in a cohort of French women, the major dietary sources of lignan were vegetables and fruits (0.2% from legumes, 0.6% from potatoes, 30% from vegetables, and 35% from fruits), followed by alcoholic beverages (5%), coffee (5%), cereals (7%) and tea (11%) [6, 26, 27] .
Seeds

ISO
Bioavailability
Only a handful of studies exist regarding post-consumption lignan bioavailability, including only very limited human pharmacokinetic studies. After ingestion, plant lignans are metabolized by intestinal bacteria, undergoing transformation to mammalian lignans (enterolactones and enterodiols ( Figure 3) ) prior to absorption [16, 28] . This apparently considerably decreases the risk of diverse types of cancer, particularly of the colon, prostate and breast [16, 29] .
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Many studies demonstrate a positive correlation between plant lignan intake and plasma 147 enterolignan levels [30] . After lignan ingestion, enterolactone and enterodiol are the first lignans to 148 become detectable in human biological fluids [28] . The half-lives of these compounds in plasma are 149 approximately 13 and 5 h, respectively [31] , and they remain detectable even up to 8-10 h after plant 150 lignan consumption [32] . Furthermore, their intestinal metabolism into mammalian forms appears 151 indispensable for colonic absorption, and the colonic barrier is capable of conjugating enterolignans 152 [28, 33] .
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The concentration of enterodiol and enterolactone in biological fluids varies significantly by 154 geographic region [28] . A study examining mammalian lignan pharmacokinetics in both men and Many studies demonstrate a positive correlation between plant lignan intake and plasma enterolignan levels [30] . After lignan ingestion, enterolactone and enterodiol are the first lignans to become detectable in human biological fluids [28] . The half-lives of these compounds in plasma are approximately 13 and 5 h, respectively [31] , and they remain detectable even up to 8-10 h after plant lignan consumption [32] . Furthermore, their intestinal metabolism into mammalian forms appears indispensable for colonic absorption, and the colonic barrier is capable of conjugating enterolignans [28, 33] .
The concentration of enterodiol and enterolactone in biological fluids varies significantly by geographic region [28] . A study examining mammalian lignan pharmacokinetics in both men and women after lignan solution intake found that enterodiol and enterolactone, respectively, exhibit absorption half-lives of 3.4 and 8.4 h, reach maximum plasma concentrations of 65 and 42 mmol/L [28] , exhibit elimination half-lives of 4.6 and 15.1 h, and exhibit maximum retention times of 23.9 and 43.2 h [28, 34] . Thus, while enterolactone is more rapidly absorbed than enterodiol, the former attains a lower maximum plasma concentration [28] .
During lignan metabolism, the initial (cytochrome P450-mediated) step involves conjugation to glucuronic acid and sulfate, followed by enterohepatic recirculation [35] . Chaojie et al. (2013) that glucuronidation of flax seed lignans significantly involves liver and intestinal microsomes [36] . Some studies demonstrate that flax seed-derived lignan metabolites distribute mainly to the intestine (largely to the caecum), kidneys, uterus, prostate and liver [37] . Of these locations, the highest concentration of lignan metabolites is observed in the liver [37] .
Human breast cyst, prostatic, and seminal fluid (as well as prostate tissue) lignan concentration has been determined [38, 39] . As in circulation, the common mammary form of lignan is enterolignan, while urinary forms are essentially monoglucuronides [28] . Furthermore, inter-individual variations in gut microbiota and hepatic enzymes may modulate mammalian lignan metabolism and bioactivity [33] .
Moreover, lignan bioavailability also depends on diet. For example, diets rich in flax seed increase production of gut microbiota-derived enterolignans in a murine model, and lead to high tissue and plasma concentrations of sulfate and glucuronide conjugates (the major flax-derived lignan metabolites) [8, 40] .
Other studies have demonstrated that plant lignans, such as sesamin are quickly absorbed, apparently from the small intestine and become detectable in systemic circulation within a few hours after ingestion [22, 41] . For example, lignans have been observed in porcine plasma 3 h after cereal intake [42] . On the one hand, it has been empirically demonstrated that plant lignans are rapidly absorbed from the small intestine after intake of a diet rich in cereals [22] . On the other hand, various factors-e.g., the use of oral antibiotics and inter-individual variations in gut microflora, as well as diet-impact lignan pharmacokinetics [43] . For example, seed maturation state can alter oral lignan bioavailability [44] .
Lignan Content of Various Regional Diets
Dietary lignan consumption varies mainly with geographic location, but diet patterns are also subject to cultural and ethnic group influences.
Mediterranean Diet
The traditional Mediterranean diet is predominantly plant-based, characterized by a low intake of sweets; low meat products and red meat; a moderate intake of fish, poultry and fermented dairy products; a high intake of unprocessed cereals, legumes, nuts, fruits and vegetables [45] ; the use of EVOO as the principal source of added fat; and moderate consumption of red wine [45] . Health benefits of this diet are essentially attributable to increased consumption of fiber and bioactive compounds (including antioxidants and functional fatty acids and lipids), as well as to a low intake of saturated fats [45, 46] .
Lignan sources in the diet of a Mediterranean population included garlic, onions, vegetables, including leafy greens, grains and seasonal fruits, including citrus, with each accounting for diverse proportions (11-70%) and subtypes of total polyphenols consumed [47] .
Indeed, many typical Mediterranean diet foods (e.g., cereals) exhibit a high concentration of both lignans and other phenolic compounds [48] .
Recently, the role of whole grain cereal intake in chronic disease prevention has been evaluated. Numerous studies propose a connection between lignan intake-as part of a wholegrain-based diet-and decreased incidence of chronic diseases, including cardiovascular disease, cancer and diabetes [5] .
Thus, the major dietary lignan sources in the Mediterranean diet are vegetables and fruits, legumes, wholegrain cereals and oilseeds [3] . Additionally, another component of the Mediterranean diet, the chestnut, represents an excellent source of calcium, antioxidants and phenolic compounds [16, 49] . Furthermore, EVOO consumption is an essential part of the Mediterranean diet. In fact, regular EVOO consumption is associated with a lower incidence of atherosclerosis, cardiovascular disease and some types of cancer [50] [51] [52] . This effect may be attributable to the high concentrations of (+)-1-acetoxypinoresinol and (+)-pinoresinol present in EVOO [53, 54] .
Northern Hemisphere Diet
This diet is observed in Northern and Nordic European regions, and is characterized by a high level of consumption of seaweed, shellfish, fatty fish (such as mackerel, herring and salmon), lean meats, rapeseed oil, legumes, nuts (such as almonds), vegetables, fruits (such as berries), whole grains (such as oats), low-fat dairy, and restricted salt and sugar intake [55, 56] . In Nordic countries, the major dietary sources of plant lignans are vegetables, fruits and wholegrain cereals [57] .
Among the many frequently-consumed plant species exhibiting a high lignan content, some species occur mainly in the Northern Hemisphere (e.g., Cirsium spp. of the family Asteraceae) [58] . The vegetative structures of these plants contain triterpenes, polyacetylenes, phenolic acids, flavonoids and alkaloids [58] . The most recent phytochemical studies of European Cirsium spp. demonstrate that their seeds are rich sources of neolignans and lignans [58, 59] .
Indian Diet
Various categories of food products make up a significant portion of the typical Indian diet, including fish, grapes, chocolate, oils, coffee, tea, biscuits and bread [60] .
The fruit of Morinda citrifolia (Indian mulberry) has been extensively traditionally utilized in the treatment of cancer, diabetes, high blood pressure, diarrhea, headache and inflammation, largely due to its high lignan content [61, 62] .
Sesame is a typical component of the Indian diet, and both sesame seeds and oil are rich in lignans [63] . Sesame oil is recognized for both its notable resistance to oxidation and its nutritional value [64] [65] [66] . Despite lignans comprising only a small proportion (0.5 to 1.0%) of total sesame seed mass, the main sesame lignans-such as (+)-sesaminol, (+)-sesamolin and (+)-sesamin glucosides-have garnered attention for their notable health-promoting properties (demonstrated both in vitro and in vivo), including anti-inflammatory, antioxidant and anti-hypertensive activities [63] .
Long-term intake of (+)-sesaminol has been proposed to inhibit the pathogenic extracellular β-amyloid aggregation observed in Alzheimer's Disease [67] . Similarly, (+)-sesamin exhibits protective activity against prostate and breast cancers [68] , and is a precursor to enterodiol and enterolactone (which have been shown to possess anti-cancer, antidiabetic and anti-ageing properties [64] ).
Asian Diet
The Asian diet is characterized by an elevated consumption of rice, noodles, spices and vegetables, sesame seeds and oil [69] . Additionally, seafood, tofu and other soy products are commonly consumed [70] . Many major plant sources of lignans occur in Asia; these are habitually included in the diet, and in China are also used as medicinal plants. Such plants include Articum lappa, whose fruit extracts and seeds are a rich source of bioactive lignans [70] , including arctiin and arctigenin. These two lignans exhibit anti-inflammatory activities (e.g., inhibition of lipopolysaccharide-induced nitric oxide production and release of pro-inflammatory cytokines in murine macrophages in vivo) [70, 71] . In addition, when tested on diverse cancer cell lines, arctigenin possesses potent apoptotic and anti-proliferative activities [70, 72] .
Certain medicinal herbs are usually used as an aqueous infusion. Among them, Isodon spp. and Tripterygium spp.
The genus Isodon comprises nearly 150 species found in the subtropical and tropical regions of Asia and represents an excellent lignan source [73] . Some species, such as Isodon japonica, have been used in traditional Chinese medicine to treat (for example) arthralgia, stomach-ache, mastitis, gastritis and hepatitis [73, 74] . Isodon rubescens has also been used in traditional medicine for its hypotensive, antioxidant, immunological, antimicrobial, antitumor and anti-inflammatory properties [73] .
Tripterygium wilfordii Hook f., a traditional medicinal herb, may ameliorate symptoms of rheumatoid arthritis and other autoimmune diseases [75] . Several phytochemical research studies have isolated hundreds of bioactive compounds-including lignans-from the root of this plant [75, 76] .
Chinese traditional medicine has long made use of Schisandra chinensis Baill. fruit as a sedative and antitussive tonic [77] . This fruit is additionally used in other countries in the production of functional foods, jam and beverages. Dibenzocyclooctadiene lignans isolated from S. chinensis exhibit anti-inflammatory and antioxidant properties, as well as improving cognitive functions (e.g., memory) [77] . In addition, prior studies have reported that S. chinensis fruit extracts-in which the major bioactive constituents are lignans-exert a neuroprotective effect and possess bioactivity which may help prevent Alzheimer's Disease [78] . Furthermore, S. chinensis fruit may have positive effects on the liver, as well as on the gastrointestinal, immune, sympathetic and central nervous systems [79, 80] . Lignan extracts have been shown to successfully suppress hepatocellular carcinoma cell proliferation and to prevent chemical toxin-induced hepatic injury [79] . However, only 2% of the total S. chinensis fruit is made up of lignans, and most of these are present in the seeds, which are usually removed during manufacture of fruit-derived products [79] .
The Schisandra glaucescens Diels vine is extensively distributed across the Southeastern Sichuan and Western Hubei regions of China [81] . The stem of this vine has been used as an analgesic in diverse conditions, including arthritis, rheumatism, and contusions. As yet, one sesquiterpenoid, 25 lignans and 43 triterpenoids have been isolated from S. glaucescens [81] . In addition, S. glaucescens berries are thought to exert beneficial effects on the kidneys and lungs, relieving the symptoms of asthma for example [82] .
Crataegus pinnatifida has been employed by the functional foods industry. Some studies have reported that it has the ability to protect against low-density lipoprotein (LDL) oxidation, to scavenge free radicals, and to exert an anti-inflammatory effect [83, 84] . C. pinnatifida is mostly consumed as fresh fruit, processed juice or jam. Juice and jam manufacture results in a significant quantity of by-products, including seeds and leaves [84] .
Schisandra sphenanthera is mainly located in Southwest China. A diversity of triterpenoids and lignans has been isolated from its leaves, stems, and fruit [85] .
The roots, stems, fruit, and leaves of Kadsura coccinea are used medicinally, and its fruit, particularly, exhibits significant medicinal and nutritional properties [86] . Its bioactive triterpenoids and lignans have garnered interest for their reported bioactivities, including anti-inflammatory and anti-tumor effects [86] [87] [88] .
Zanthoxylum schinifolium has been employed to stimulate blood circulation, as well as in the treatment of various diseases [89, 90] . Due to its exceptional taste and characteristic aroma (usually described as green, spicy, floral, and fresh), Z. schinifolium fruit is used as a spice in many traditional Asiatic cuisines [89] . Prior pharmacological studies have demonstrated that the leaves and fruit of this plant possess medicinal properties, including antitumor, anti-inflammatory, and antioxidant activities, as well as inhibition of both platelet aggregation and monoamine oxidase production [89, 91] .
Latin-American Diet
The basis of the Latin-American diet consists of maize (corn), potatoes, peanuts and beans. This diet also includes flax seed. As mentioned above, Linum usitatissimum L. (flax seed) represents one of the best dietary sources of lignans, exhibiting a higher lignan content than legumes or grains [8] . Diets rich in flax seed are associated with a reduced risk of various diseases, including cardiovascular disease, osteoporosis, diabetes, and prostate and breast cancers [8, 92] . Likely mechanisms include the ability to decrease circulating glucose, LDL and total cholesterol levels [93, 94] . Furthermore, L. usitatissimum has significant commercial applications, in the manufacture of linen fiber for example [94] . In terms of lignans, flax seed contains mainly secoisolariciresinol and secoisolariciresinol diglucoside, but matairesinol is also present in small quantities [95] . Indeed, >95% of total flax seed mass consists of secoisolariciresinol diglucoside, which is predominantly localized in the seed's fibrous hull [96] rather than its interior [97] .
Asian diet appears to facilitate the highest intake of lignans, in forms which also result in higher bioavailability. This is due largely to a high level of vegetable consumption, as well as the use of lignan-rich plant infusions in traditional medicine.
Human Studies Concerning Lignan Bioactivity
Recently, interest in identifying new sources of health-promoting natural compounds has increased. However, there are few human epidemiological studies that evaluate lignans bioactivity. Laboratory research, carried out on cell and animal models, concluded that lignans possess antimicrobial, anti-inflammatory and anti-oxidant activities, among others.
About antimicrobial activity, various lignans have exhibited antiviral and antibacterial activity, e.g., against Gram-positive bacteria through alteration of biofilm formation, bacteria metabolites, membrane receptors and ion channels [98] . For instance, pinoresinol has demonstrated activity against some virus [99] .
Concerning anti-inflammatory activity, some lignans have the capacity to inhibit NF-kB activity (transcription factor involves on the expression of inflammatory cytokines) on human mast cells (HMC-1). Thus, reduced pro-inflammatory cytokines production. Furthermore, lignans are able to suppress nitric oxide (NO) generation and decrease inflammatory cell infiltration [100] [101] [102] .
Regarding anti-oxidant activity, various bioactive natural compounds-including phenols from grains, vegetables and fruits-are rich dietary sources of phytochemicals and vitamins, both of which guard against oxidative stress [84, 103] . A free radical formation is an inevitable byproduct of cellular metabolism, and cells also require a certain level of reactive oxygen species (ROS) to carry out a normal cellular process [70] . Nevertheless, accumulation and/or overproduction of ROS can damage cellular constituents, including DNA [70] , and play an important role in the pathogenesis of various severe disorders, including chronic inflammation, cancer, neurodegeneration and atherogenesis [84] .
Many studies have demonstrated the strong antioxidant activity of plant extracts, attributable to several highly-effective antioxidants, including lignans (e.g., lariciresinol, matairesinol, secoisolariciresinol, pinoresinol, and nortrachelogenin) [104] . Among the natural antioxidants, lignans exhibit particularly high antioxidant efficiency and thus have potential as preventive and/or therapeutic clinical tools [105] .
In recent years, a significant effort has been devoted to analyzing the lignan consumption of various populations (Table 9 ). Most studies have focused on post-menopausal women, due to lignans being phytoestrogens that ameliorate menopausal symptoms and consequences (e.g., climacteric symptoms, osteoporosis and estrogen-dependent cancers) [106] .
Cancer
Various cohort studies have investigated dietary lignan anticancer bioactivity. As McCann et al. [107] . Other research based on the Swedish Mammography Cohort (SMC) also detected a statistically significant inverse association between breast cancer risk and lignan consumption among post-menopausal breast cancer patients [108] . Interestingly, the "Ontario Women's Diet and Health Study" reported that neither lignan nor isoflavone consumption by a Canadian cohort correlated with a significant reduction in breast cancer risk [109] . Nonetheless, some studies do propose that isoflavone consumption correlates with a minor reduction in breast cancer risk in both pre-and post-menopausal women [109, 110] . In addition, a cohort study examining the association between flax seed and flax bread intake and breast cancer risk demonstrated that flax seed intake was associated with a significant reduction in breast cancer risk (Odds Ratio (OR) 0.82, 95% CI 0.69-0.97) [111] . Furthermore, Buck et al. (2011) demonstrated that high serum enterolactone levels in post-menopausal breast cancer patients are associated with improved overall survival rates [109, 112] .
Another study, based on data from the United States Cancer Center Support Grant, investigated the association between individual breast cancer estrogen receptor (ER) status and lignan intake [113] . Higher lignan consumption was inversely correlated with the risk of ER − breast cancer among premenopausal women (OR 0.16, 95% CI 0.03-0.44) and with the risk of ER + breast cancer among post-menopausal women (OR 0.64, 95% CI 0.42-1.00) [113] . Although this effect was largely independent of specific lignan class, it predominantly correlated with matairesinol and lariciresinol intake levels [113] . In addition, this study examined associations between breast tumor subtype and dietary lignan intake, demonstrating that a reduction in premenopausal triple-negative (HER2 − PR − ER − ) breast cancer risk (OR 0.16, 95% CI 0.04-0.62) was associated with higher lariciresinol and pinoresinol intake [113] . This finding agrees with that of a German case-control study that demonstrated a correlation between high intake of pumpkin and sunflower seeds (rich sources of lariciresinol and pinoresinol) and a statistically significant reduction in post-menopausal ER + breast cancer risk (OR = 0.88, 95% CI = 0.77-0.99, p for trend = 0.02) [109, 114] .
Two recent meta-analyses have corroborated that high levels of plant lignan consumption correlate with a modest reduction in post-menopausal breast cancer risk (13 studies; Risk Estimated (RE) 0.86, 95% CI 0.78-0.94) [115, 116] .
Dietary lignan intake is also associated with a reduced risk for other cancer types (e.g., esophageal and gastric adenocarcinoma, as well as colon cancer), but very few human studies have been conducted.
A Swedish study indicates that dietary lignan intake correlates with decreased risk of gastroesophageal junction adenocarcinoma [117] . However, another Swedish study examining the Swedish Cancer Registry database did not find a clear association between dietary lignan consumption and development of gastric or esophageal adenocarcinoma [118] . Yet another (case-control) study indicated that a diet rich in resveratrol, quercetin and lignans (characterized by low intake of milk, but high intake of wholegrain bread, vegetables, wine and tea) may decrease the risk of developing such cancers [103] .
Regarding colorectal cancer, Zamora-Ros et al. (2015) evaluated the association of lignan and flavonoid consumption with overall survival time and risk of recurrence in Barcelona (Spain) [119] . After a mean of 8.6 years' follow-up, 77 of the 319 (24.1%) patients in the cohort had experienced recurrence (excluding cases with metastasis that could not be resected), 133 of 409 (32.5%) patients had died, and no association was noted between consumption of any flavonoid subclass or total lignans and colorectal cancer risk [119] .
Concerning prostate cancer risk, it has been studied its association with plasma enterolactone concentrations. Wallström et al. (2018) evaluated a population of Swedish men with 1010 cases and 1817 controls. After a mean follow-up of 14.6 years; there were no significant associations between the incidence of prostate cancer and plasma enterolactone (OR 0.99, 95% CI 0.77-1.280) [120] . Other study carried out at Danish men, neither found an association between prostate cancer mortality and plasma enterolactone [121] . However, two other pieces of research on humans, from 2003 and 2006, obtained positive results based on dietary phytoestrogen intake [122, 123] . A Swedish case-control study indicated that lower prostate cancer risk is related to certain phytoestrogen-rich foods [123] .
Given such mixed results, additional studies examining the effect of human lignan intake on cancer risk are necessary. Specifically, most existing studies have not examined the relevance of the specific dietary lignan source.
Cardiovascular Disease
Neolignans and flax lignans are reportedly relevant in diabetes, hypercholesterolemia and cardiovascular disorders [124] . In addition, the anti-aging role of lignans has recently been described [125] . Such lignan characteristics may be relevant to the reduction of cardiovascular disease risk in post-menopausal women. Indeed, an inverse association exists between high lignan consumption and the development of hypertension and cardiovascular disease [126] . Furthermore, prospective and cross-sectional epidemiological evidence suggests that dietary lignan intake reduces cardiovascular disease risk in post-menopausal women and elderly men by modifying traditional risk factors [127] . Jacobs et al. (2000) demonstrated that the risk of mortality is inversely associated with whole grain consumption in post-menopausal women [128] . Another study described how four weeks' consumption of a whole grain cereal-rich diet exerted a reasonable cholesterol-lowering effect in healthy post-menopausal women [17] . [122] 10 men with prostate cancer were randomized to a daily supplement of rye bran bread and 8 men of wheat bread Blood and urine samples. Ultrasound-guided core biopsies of the prostate.
In the rye group, there was a significant increase in plasma enterolactone. However, only small changes were observed in plasma concentrations of prostate specific antigen (PSA).
Cardiovascular disease
Witkowska AM et al. (2018) [126] 2599 postmenopausal women, participants of the Multi-center National Population Health Examination Surveys. 24-h Dietary recall and food databases.
In postmenopausal women, total and individual lignan intakes (secoisolariciresinol, pinoresinol, matairesinol) were not associated with the prevalence of CVD and its risk factors. Pellegrini N et al. (2010) [127]
Cross-sectional study in 151 men and 91 post-menopausal women. Anthropometric characteristics. Soluble intercellular adhesion molecule-1 (sICAM-1), CRP, insulin, glucose, total cholesterol, HDL-cholesterol and triacylglycerols.
Three-day weighed food record
No relationship between intake of pinoresinol, lariciresinol or total lignans and sICAM-1 values was observed. However, a Warsaw population-based cross-sectional study conducted by the National Institute of Cardiology demonstrated that total dietary lignan consumption does not correlate with the occurrence of cardiovascular diseases, nor with cardiovascular risk factors (including central obesity, hypercholesterolemia and hypertension) in post-menopausal women [126] . Nevertheless, this study attributed a potentially-beneficial effect of lignan intake on hypercholesterolemia specifically to lariciresinol [126] .
In a Finnish population, the highest serum enterolactone concentrations correlated with a lower risk of all-cause mortality, including from cardiovascular disease [129] . Enterolactone is a metabolite of lariciresinol, pinoresinol, secoisolariciresinol and matairesinol, and very low matairesinol intake does demonstrate an inverse relationship with endothelial dysfunction and vascular inflammation [127] .
Other Diseases
Most studies have focused on the effects of lignan-rich food consumption in the prevention of cancer and cardiovascular disease. However, some observational studies have investigated the relationship between regular consumption of plant lignans and the risk of developing other lifestyle-related diseases. A study based on the European Prospective Investigation into Cancer and Nutrition cohort proposed that improved cognitive performance in post-menopausal women is associated with higher dietary phytoestrogen consumption (predominantly lignans in Western diets) [130] . Thus, it has been suggested that low-grade chronic inflammation contributes to the prevalence of chronic lifestyle-related diseases. The relationship between lignan consumption and inflammatory markers (e.g., C-reactive protein (CRP)) was studied in a United States cohort, demonstrating that a beneficial inflammatory marker profile is associated with adult lignan consumption [131] .
Conclusions
Taken together, reviewed data support the recently increased interest in lignan health-promoting properties. Due to their various bioactive properties, dietary intake of lignan-rich foods may prevent certain types of cancers (e.g., breast cancer in post-menopausal women and colon cancer). Regarding chronic lifestyle-related diseases, some pieces of evidence indicate that lignan intake is associated with a lower risk of developing cardiovascular disease. Nonetheless, further human studies are warranted to evaluate lignan bioavailability resulting from different traditional dietary patterns, in order to influence the rational promotion of healthy lignan-rich diets.
